Lipid multilayer microarrays are a promising approach to miniaturize laboratory procedures by taking advantage of the microscopic compartmentalization capabilities of lipids. Here, we demonstrate a new method to pattern lipid multilayers on surfaces based on solvent evaporation along the edge where a stencil contacts a surface called evaporative edge lithography (EEL). As an example of an application of this process, we use EEL to make microarrays suitable for a cell-based migration assay. Currently existing cell migration assays require a separate compartment for each drug which is dissolved at a single concentration in solution. An advantage of the lipid multilayer microarray assay is that multiple compounds can be tested on the same surface. We demonstrate this by testing the effect of two different lipophilic drugs, Taxol and Brefeldin A, on collective cell migration into an unpopulated area. This particular assay should be scalable to test of 2000 different lipophilic compounds or dosages on a standard microtiter plate area, or if adapted for individual cell migration, it would allow for high-throughput screening of more than 50,000 compounds per plate.
Introduction
The ability for a single living cell to carry out advanced synthesis, sensing, and communication all within a micrometer scale object provides an inspiration for laboratory miniaturization. Lipids in the cell provide compartmentalization by forming a variety of organelles, vesicles, and transport carriers. Additionally, a variety of biofunctional lipids are available from both natural and synthetic sources. In order to recreate some of these capabilities in an artificial environment, we have been creating lipid multilayer micro-and nano-structures on surfaces. Previously, lipid multilayer patterns have been fabricated by dip-pen nanolithography (DPN), [1] [2] [3] soft lithography (e.g. micro-contact printing and nanointaglio), [4] [5] [6] photothermal patterning, 7 and capillary assembly. 8 Here we describe a new lipid multilayer microfabrication method that we call edge evaporation lithography (EEL) that is capable of producing linear lipid multilayer nanostructures along the edge of a stencil. This method makes use of capillary assembly 8 onto a pre-patterned surface in a way similar to that carried out by Diguet et al., with a critical difference being that EEL uses an edge between a stencil and a surface as a onedimensional template rather than controlled evaporation on a chemically patterned surface. Evaporation induced self-assembly (EISA) is a related technique based on the evaporation of a solution containing precursors to be assembled and has been used previously with lipid films. [9] [10] Another similar technique is capillary force lithography that combines imprint lithography with microcontact printing, or other methods of soft lithography. [11] [12] [13] In contrast, EEL involves micro and nanostructure generation by solvent evaporation and allows integration of multiple materials onto the surface. These subcellular lipid multilayer structures have applications in biosensing 1, 14 and high throughput screening. [15] [16] Small molecule microarrays are a promising approach to miniaturizing high throughput screening that could allow tens to hundreds of thousands of compounds to be tested on a single cell culture plate. 17 We have previously shown that lipid multilayer microarrays with sub-cellular lateral dimensions can be used as a format for delivery of multiple lipophilic anticancer drugs to adherent cells in a microarray format, and measured cytotoxicity as a readout for efficacy. These arrays are capable of encapsulating lipophilic materials that were internalized cells without cross-contamination, as demonstrate by control cells cultured on the glass surface directly next to the lipid encapsulated drug spots did not respond significantly to the drug. 15 Importantly, lipid multilayer microarrays are compatible with lipophilic compounds, while other drug screening microarrays are either limited to water soluble compounds that diffuse out of a gel into water, 18 or must be covalently linked to the surface and cannot be taken up by the cells. 19 At the early stages of drug discovery where high throughput screening (HTS) is used, most drug candidates at low water solubility, which is quantified by a high octanol to water partition coefficient (LogP). In standard high throughput screening, dimethyl sulfoxide (DMSO) is used as solvent to deliver compounds with high LogP values in water. 20 However, this strategy cannot be used to deliver lipophilic drugs to cells from microarrays. Here, we demonstrate that EEL provides a unique solution to these miniaturization and solubility issues for cell-based smallmolecule microarrays by creating a cell migration assay.
The migration of cells collectively is an important aspect of cancer metastasis, [21] [22] angiogenesis, [23] [24] wound healing, 25 and organismal development. [26] [27] Several in vitro migration assays have been developed to assess the effects of compounds and the cellular microenvironment on the migration of cells in culture. [28] [29] Examples include the commonly used wound or "scratch" migration assay, 25, [30] [31] removable fencing assays or cell stencils, [32] [33] Boyden chamber assays, 34 biodegradable or barriers, [35] [36] two phase cell-exclusion patterning, 37 and microfluidic techniques. [38] [39] [40] [41] [42] [43] [44] The methods listed above have the common feature that cells are cultured on a certain part of a two-dimensional substrate or three-dimensional volume and allowed to migrate into a region without cells. The number or speed of cells individually or collectively migrating into the unpopulated regions is then measured.
Cell migration assays have important applications for high throughput screening and new drug discovery. For example, thousands of compounds have been screened for their effect on cellular migration by automated microscopy of scratch assays and by Boyden chamber assays. 31, 34 Several migration assays have been adapted to 96 well-plate formats with the motivation being for compatibility with high throughput screening. 37, [45] [46] Importantly, an innovative assay based on siRNA delivery from hydrogel microarrays followed by measurements of cell migration away from the siRNA containing spots allows siRNA screens to be carried out in a microarray format. 45 In EEL, we use an elastomeric barrier or stencil to direct the precipitation of lipid and drug solutes along an edge resulting in a drug-encapsulated lipid multilayer line. We demonstrate the utility of this fabrication method to deliver lipophilic drugs to adherent cells for cell-based migration analysis (Fig 1) . Unlike other migration assays, this approach makes it possible to screen different small molecule compounds and dosages on the same surface without separated compartments, and demonstrates potential scalability for high throughput screening of small lipophilic molecules. The miniaturization process described here would allow for the manufacturing of portable small molecule libraries on a chip.
Materials and Methods

Preparation of lipids and hydrophobic drugs
All lipids including 1,2-dioleoyl-3-trimethylammoniumpropane (chloride salt) (DOTAP) and 1, 2-dioleoylsn-glycerol-3-phosphoethanolamine-N-(lissamine rhodamine b sulfonyl) (ammonium salt) (DOPErhodamine) were purchased from Avanti Polar Lipids (Alabama, USA). Docetaxel was kindly provided by Dr. Diego Zorio (Chemistry and Biochemistry Department, Florida State University). Brefeldin A (BFA) in powder form was purchased from Sigma Aldrich (Missouri, USA). To prepare lipid only solutions first, DOTAP was doped with 1 mol% DOPE-rhodamine in chloroform and dried overnight in a vacuum pump desiccators (KNF Lab, New Jersey, USA) at16 LM 15Torr 7.4 PSIG to remove solvent. Next, ethanol (100%, Sigma) was added to suspend dried lipid powder in solution. A similar procedure was used for preparing docetaxel solutions as described previously 15 and modified for preparations of BFA. Docetaxel and brefeldin A powders were dissolved in ethanol to make stock solutions of 1 mg/ml and 5mg/ml, respectively. The drug solutions were diluted to the desired concentration and added with the dried lipid powder to create drug-lipid solutions.
Edge evaporation lithography (EEL)
Glass coverslips were prepared for use as substrates by first washing with detergent (Palmolive soap) and rinsing thoroughly with deionized water. Next the surfaces were subsequently rinsed in acetone, 100% ethanol, and sterile deionized ultrapure Mill-Q water (EMD Millipore, Massachusetts, USA). Coverslips were dried with a steady stream of nitrogen gas and allowed to completely dry for at least 30 minutes in a biosafety cabinet. Polydimethylsiloxane (PDMS) for creating the migration barriers was cured from the SYLGARD 184 silicone elastomer kit (Dow Corning, Michigan, USA) in a 60 ºC oven overnight. PDMS strips of 15 mm long by 1 mm wide were placed between 500 -800 µm apart on prepared glass coverslips before addition of lipid mixtures. Next, a volume of 1 µl of either lipid only or drug/lipid solutions was deposited in a PDMS channel and then the next solution is added to the adjacent channel. The array was dried overnight in a vacuum to remove residual ethanol.
Migration assay characterization
The free spaces in between PDMS stencils of the assay that contained lipid material were imaged with a G-2E/C red fluorescence filter (Nikon, Tokyo, Japan). Characterization and statistical analysis of the lipid films was performed by averaging the maximum intensity of 10 random cross sections on the edges of the barrier and in the middle of the channels. Image analysis was performed using the freeware analysis software, ImageJ ® (NCBI, USA).
General cell culture and live/dead staining
HeLa cells (obtained from the American Type Culture Collection and maintained according to the collections guidelines) for all experiments were seeded at 2.5×10 5 cells/ ml and grown to confluence in growth media composed of Dulbecco's Modified Eagle growth medium (Hyclone, Massachusetts, USA) supplemented with 10% Cosmic Calf Serum (Sigma Aldrich, Missouri, USA). Cells were incubated at 37°C and 5% CO 2 . Trypsin with EDTA (0.25%, VWR, Pennsylvania, USA) was used for cell detachment and the medium was replaced with fresh growth medium 24 h before the experiment. Cells were stained for viability with BacLight live/dead assay (Invitrogen, California, USA) 20 minutes prior to imaging with SYTO9 and propidium iodide in Hank's buffered saline solution (HBSS, Lonza, Basel, Switzerland). Growth media was added back and imaged on a fluorescent microscope.
Cell adhesion experiments
Lipids were dissolved in ethanol and added to each channel in increasing 10-fold amounts from 0.2 ng to 20 µg. Tests for cell attachment were performed by seeding HeLa cells into assay channel with varying amounts of lipid films. Prior to seeding for viability experiments, the cells were stained with live/dead assay as described in section 2.4. The cells were allowed to attach for two hours before washing the channels repeatedly 5 times. The number of cells per square micron area (µm 2 ) that remained attached was counted manually. The number of dead cells was excluded because high concentrations of lipids caused dead cells to clump together and made it difficult to accurately access cell count. Experiments for cell adhesion where performed in three replicates (n = 3). Values for cell density of each treatment were determined by averaging the number of cells in 5 random 100 µm 2 areas in a single image captured with a 10x objective.
Cell migration assay of HeLa cells
The assays were carried out on glass coverslips placed in wells of 6-well plates for cell culture. Prior to seeding for viability experiments, the cells were stained with the live/dead assay as described in section 2.4. For experiments, cells were seeded onto the prepared glass coverslips with arrays by gently pipetting 1 ml of cells in suspension at a concentration of 2.5×10 5 cells/ml directly over each PDMS channel to allow cells to settle in them at consistent density. The same method was used to seed other parts of the slide for use as control areas. Cells were allowed to settle for 1-2 hours before the PDMS barriers were removed to promote cell migration. After barrier removal, the coverslips were washed 3 times with HBSS and replaced with fresh growth media to remove free lipids or drugs. The cells were incubated over the patterned areas for up to 24 hours. The width of each cell strip was measured manually by taking at least random 20 measurements using Nikon Elements 4.0 analysis software and the average migration rate for each strip was determined with the following equation: Migration Rate (µm/hr) = (Width T=Final -Width T=Initial )/Total Time. Width is the average width in micrometers (µm) of the cell monolayer measured either at the beginning of the experiment (T = 0 hrs) or at the end (T = 24 hrs).
Microscopy and time-lapse live cell imaging
The images for cell migration were captured on a Nikon Ti Eclipse (Tokyo, Japan) inverted microscope with 4x (NA = 0.13), 10x (NA = 0.3), and 20x (NA = 0.45) objectives. Images for cell migration were taken after barrier removal and once again 24 hours after the incubation period in phase contrast. Fluorescent filters used were B-2E/C and G-2E/C (Nikon, Tokyo, Japan) for the dyes used in this work. Timelapse live cell imaging was performed in a Viva View FL Incubator Fluorescent Microscope (Olympus, Tokyo, Japan) using standard cell incubation conditions.
Statistical Analysis
A student t-test was performed to determine statistical significance between means of each sample (p-value < 0.05 or 0.01, as stated). Error bars in figures denote standard error of the mean unless otherwise stated. All experiments involving cell culture were performed at least in triplicate.
Results and Discussion
Characterization of lipid films for cell migration assay
EEL involves the production of a thin lipid multilayer nanostructured film along the edge of a stencil ( Fig.  1a-b ). We used PDMS as an elastomeric stencil to direct the precipitation of lipid and drug solutes along an edge resulting in a drug-encapsulated lipid multilayer film that can deliver lipophilic drugs to adherent cells for migration assays (Fig. 1c-e ). A video of the lines that form at the edge as the solvent evaporates is shown in supplementary video 1. This technique is compatible with tissue culture plastic for use in cell culture microplates as well as glass surfaces. Glass was chosen as a substrate for its superior imaging properties. We were able to achieve a throughput of 14 tests on a standard glass coverslip (4.84 cm 2 ) which is about 3 tests per cm 2 by manually positioning the PDMS barriers as a proof-of-concept. The barriers are 1 cm long and can fit inside a well for 24-well microplates (~1.56 cm diameter) but are too large in size for wells of a 96-well microplate (~0.64 cm diameter). However, up to 5 tests can be performed in each well of a 24-well plate for a total number of 120 tests (25% more tests than a 96-well microplate). Although this is a simple procedure that doesn't require photolithography, a drawback of this assay is that the PDMS stencils are aligned by hand, limiting the throughput. This limitation can be avoided by creating a large stencil with equal spacing using photolithography, and possibly decreasing the dimensions of the features in the stencil. This strategy has been adopted from Poujade et al., which demonstrated that minimal damage is done to cells from peeling on the PDMS stencil when compared to more commonly used techniques such as the scratch migration assay. 33 Achieving barrier dimensions of 5 mm long by 0.5 mm wide and channels widths of 0.5 mm would make this assay compatible with 96-well microplates can achieve 2000 tests on the area of a standard microplate, or approximately 20-fold increase over the current 96-well format. Furthermore, had the microarray migration assay described by Onuki-Nagasaki et al. 45 used with lipid multilayers, then the assay could be scaled to more than 50,000 tests per microplate making it possible to carry out a high throughput screen on a single plate.
We determined the optimal thickness of lipid films using fluorescent analysis shown in Fig 2. Fluorescence can capture the films in contact with PDMS barriers, an advantage over AFM analysis because the barriers would have to be removed and can potentially deform film shape seen in Fig S1d. Previously, we have shown that fluorescent intensity of DOPE-rhodamine doped lipids is directly correlated to lipid multilayer height or thickness. 47 A proportional relationship was also observed from these lipid films between sensitivity (fluorescence intensity versus camera exposure time) and the amount of lipids added between the PDMS stencils ( Supplementary Fig  S1) . We found that the thickness of the lipid multilayers can be controlled by the amount of lipids added between the stencils (Fig 2c) . The initial concentration of lipid determined how the lipids dried within the PDMS channels. Adding 200 ng of lipid or higher caused excess lipids to be dried within the middle of the PDMS stencils in addition to thicker multilayers on the edges of the stencil. However at lower lipids amounts (less than 200 ng), we could only detect lipids dried to the edges of the barriers (Fig 2b) . This control of multilayer thickness was important when cells were added to the assay.
Cell adhesion on different lipid multilayer thicknesses
The effect of lipid multilayer thickness on cell adhesion was determined and is shown in Fig 3. HeLa cells were adherent to lipid films created from 20 ng or less but began to adhere significantly less (p < 0.05) at higher concentrations compared to untreated glass (Fig 3c) . Cells grown on lipid multilayers created from 200 ng of lipids or more exhibited abnormal morphology and appeared dead compared to thinner multilayers (Fig 3a and 3b) . This toxic effect could be attributed from the cationic lipid DOTAP that was used, which has been shown to be cytotoxic at high concentrations. 48 It should be noted that at low concentrations, DOTAP is nontoxic and has been shown to be a suitable carrier molecule for cellular uptake. 15 These findings corroborate other studies that cells have poor adhesion to certain material surfaces such as lipid bilayers. 49 High concentrations of lipid on the surface could also influence the ability of cells to attach to the surface normally by disrupting the ability of adhesion proteins to interact with the surface. Additionally, higher numbers of dead cells were observed over regions with larger amounts of lipid (data not shown). Therefore, depositing 20 ng of lipid or less is suitable for cell studies than larger amounts based on the cell adhesion data.
Cell migration on different lipid multilayer thicknesses
The effect of lipid multilayer thickness on HeLa cell migration was determined in Fig 4. Phase contrast and fluorescent micrographs were taken immediately after PDMS barrier removal and 24 hours after to measure the migration rate in response to multilayer thickness (Fig  4a and 4b) . Cell strips exposed to no lipids were able to close the free space in between strip after about 4 days in culture ( Supplementary Fig S4) . It was observed that, Analysis of fluorescence intensity as a function of amount of lipid from data captured at 2 second exposure for 0.2 and 2 ng of lipid to highlight the difference between edge and middle intensities. It is important to note that the fluorescence data used for analysis in panels c and d were taken at different exposure times. When the exposure time is optimized then there is a clear distinction between the intensity of edge and middle points shown in panel b. Data is expressed as standard error of the mean (n = 10). The * and † represent significance for p < 0.05 and p < 0.01, respectively.
the cells in the strips may not be confluent at early time points (Fig 4a) , however these cells spread and become in contact after several hours (Fig 3a and 3c) . To visualize the amount of lipid on the surface, DOPE-rhodamine lipid was doped at 1 mol% with the DOTAP lipid. The migration rate of HeLa cells was not significantly (p < 0.05) affected by lipid thickness in channels created from lipids of 20 ng or less but were significantly hindered at higher concentrations (Fig 4c) . Lipid film uniformity could also affect cell migration, however we observed that standard error calculated from migration rate were lower than 10% of the mean across the whole strip. Excess lipid on the surface either reduced cell attachment or triggered cell death which significantly reduced the ability of the cell monolayer to migrate. Therefore, we used 20 ng of lipid for all migration assays because this amount was found to have minimal cytotoxicity and no significant effect on HeLa migration rate. The effect of starting cell monolayer strip width on cell migration rate was investigated with NIH3T3 fibroblast cells and the results indicated no significant correlation between start strip width (between 250 -1300 µm) and the strips migration rate up to 24 hours ( Fig S4) .
Effect of docetaxel and BFA from lipid multilayer films on cell migration
We used EEL to demonstrate a new assay to investigate the effect of two lipophilic drugs on cell migration of HeLa cells in a microarray format. The drugs were: (1) the antimicrotubule drug docetaxel and (2) Brefeldin A (BFA) that inhibits intracellular protein transport. Docetaxel has a logP of 4.1, and BFA that has a logP of 1.61. [50] [51] Docetaxel and BFA were delivered into HeLa cells by uptake from encapsulated lipid films ( Fig 5 and Fig S3) . We have shown that HeLa cell migration is also inhibited by BFA and docetaxel which suggests that docetaxel and other taxol derivatives could be used to target different cell processes for cancer therapies. Additionally, three different docetaxel to lipid ratios (by mass) of 1:10, 1:4 and 1:2 were assayed at once on the same array and were found to significantly (p < 0.05) reduce collective cell migration compared to the control group ( Fig S2) . Furthermore, these results indicated that docetaxel delivered by encapsulated lipid films reduced the migration rate of the cells dosedependently over 24 hours due to disruption of microtubule dynamics by docetaxel ( Supplementary Fig S2) . Negative controls for drug treatments include migration niches without lipids, as well as lipids with no drug and lipids at low concentrations of drugs (Fig 4, Supplementary Fig  S2) . The results indicate that the lipids do not significantly impede migration. Also, we cannot confidently conclude that the lipids may affect drug efficacy by some unknown interaction and such conclusions would need further investigation. Supplementary Fig S3 shows high magnification images of cells migrating from the edge, and Supplementary videos 2 and 3 show live cell imaging of separate monolayers "healing" the open space in this assay. Although cell migration is not expected to be linear and live cell imaging would be ideal for high content screening, the relative migration at a certain time point can be used to assay for drug efficacy for high throughput screening purposes by comparison to a control.
One unique capability of this lipid-based surface delivery system over other existing assays is that migrating cells on the edge of the barrier region are exposed locally to lipid encapsulated drug. Although cell displacement and coordination within the cell strip is complex, epithelial cells have been found to proliferate largely within the interior region, while the outer layer of cells are more actively involved in migration and monolayer expansion. 33 Locally delivering drugs to the outer region could provide more insights into monolayer growth mechanisms. Additionally, this assay allows for the study of poorly water soluble compounds such as docetaxel and BFA on cell movement following drug delivery into the cells. Different amounts or types of compounds can also be tested at the same time in parallel in a microarray format. Furthermore, this assay requires smaller amounts of drug per assay as compared to a standard scratch migration assay which requires dissolving the drug at certain concentrations in each micro-well.
Conclusions
We present edge evaporation lithography (EEL) as a new method to fabricate lipid-based drug delivery microarrays suitable for the investigation of the effect of the hydrophobic compounds docetaxel and BFA on HeLa cell migration. Our results demonstrate in vitro that docetaxel and BFA delivered into cells locally from surface supported lipid films significantly inhibited cellular migration. This novel approach not only will allow delivery and subsequent study of the effects of poorly water soluble drugs on cell migration, structures and functions but will also allow in vitro screening of a variety of different drugs for their effects on cells. This migration assay is unique in that multiple different compounds and dosages can be screened on the same surface, suitable for high throughput screening microarrays. 
